Mutations in the kinase domain of the epidermal growth factor receptor (EGFR) were identified in f15% of all patients with non -small cell lung cancer (NSCLC). These mutations have been established as an indicator of superior response to gefitinib and erlotinib, small molecule inhibitors of the EGFR kinase domain. Whether these mutations would also render patients more susceptible to treatment with cetuximab (Erbitux), an EGFR-neutralizing antibody, is yet to be determined. In this study, we attempted to evaluate the effect of cetuximab on several NSCLC lines harboring some of the more common EGFR mutations (L858R and delL747-T753insS), as well as the recently identified kinase inhibitor -resistant mutation, T790M. We could show that the kinase activity of the abovementioned EGFR mutants was hindered by cetuximab, as detected by both cell-based phosphorylation and proliferation assays. Interestingly, cetuximab also induced enhanced degradation of the EGFR mutants as compared with the wild-type receptor. Most importantly, cetuximab successfully inhibited the growth of NSCLC lines in xenograft models. These results indicate the promising potential of cetuximab as a regimen for patients with NSCLC bearing these mutations.
Introduction
The epidermal growth factor (EGF) receptor (EGFR) is a member of the ErbB family of receptor tyrosine kinase, which also includes ErbB2, ErbB3, and ErbB4. These receptors play a fundamental role in the control of numerous cellular processes such as growth, proliferation, and survival (1, 2) . Activation of EGFR in response to ligand stimulation results in autophosphorylation of several tyrosine residues, which then serve as preferred docking sites for SH2 domain -containing downstream signaling molecules. Ultimately, the activation of the Ras/ MAPK and phosphoinositide-3-kinase/Akt cascades leads to cellular proliferation and survival (1, 2) .
Overexpression of EGFR is a common hallmark in many cancers, including non -small cell lung cancer (NSCLC), thereby making anti-EGFR therapies attractive for this type of cancer (3) . Gefitinib and erlotinib are two small molecule tyrosine kinase inhibitors of the EGFR kinase, used as second-or third-line therapies for patients with advanced NSCLC (4 -6) . Nonetheless, only 10% of treated patients respond to either drug. Recently, several somatic mutations in the EGFR gene have been identified among patients with better response to gefitinib or erlotinib (7 -13) . These mutations include both short deletions and point mutations residing in exons 18 to 21 of the EGFR kinase domain. Occasionally, some patients developed resistance to tyrosine kinase inhibitor treatment by acquiring a secondary mutation in the EGFR kinase domain, a T790M point mutation (14) .
Cetuximab, an IgG 1 monoclonal antibody directed against the extracellular domain of EGFR, blocks receptor activation by interfering with ligand binding (15) . This antibody was approved for third-line therapy in combination with irinotecan in advanced metastatic colorectal cancer and as a second-and third-line therapy for patients with squamous cell carcinoma of the head and neck. Moreover, cetuximab is currently being evaluated both as a single agent and in combination therapy in a number of clinical trials in patients with NSCLC. Therefore, it is highly important to determine whether patients with NSCLC, who have a higher incidence of EGFR mutations as compared to patients with colorectal cancer and squamous cell carcinoma of the head and neck (7 -13, 16, 17) , would be responsive to cetuximab treatment.
In this study, we attempted to explore the effect of cetuximab on the two most frequent EGFR mutations identified in patients with NSCLC, the point mutation L858R and the deletion mutation delL747-T753insS. We also investigated the response of the tyrosine kinase inhibitor -resistant mutation, T790M, to cetuximab. Both in vitro and in vivo analyses of EGFR mutants indicated that cetuximab treatment results in decreased EGFR activity in conjunction with increased EGFR degradation, culminating in a significant reduction in tumor growth.
Materials and Methods

Reagents
Clinical grade cetuximab was produced by the ImClone Systems Incorporated manufacturing facility. EGFR antibody was purchased from UBI, antibodies against mitogenactivated protein kinase (MAPK), p-MAPK, Akt, p-Akt, ErbB2, and ErbB3 were from Cell Signaling, anti -phosphotyrosine was from Calbiochem, anti -c-Cbl was from BD Biosciences, and anti-actin was from Sigma. Cell Line Immunoprecipitation and Immunoblotting To determine IC 50 s, cells were incubated at 37jC with the indicated concentrations of cetuximab for 2 h prior to stimulation with EGF (100 ng/mL for 10 min) and lysed [lysis buffer: 150 mmol/L NaCl, 50 mmol/L Hepes, 0.5% Triton X-100, 10 mmol/L NaPPi, 1 mmol/L Na 3 VO 4 , and protease inhibitors (pH 7.5)]. For degradation studies, stable transfectants or cell lines were either incubated with 30 nmol/L of cetuximab or 100 ng/mL of EGF for the times indicated before lysing the cells. Immunoprecipitation was done on cell lysates with EGFR antibodies and purified by using protein-A Sepharose beads. For immunoblotting, cell lysates were separated by SDS-PAGE, transferred to nitrocellulose, and probed with the specified antibodies.
Immunofluorescence NSCLC cells were plated at 1 Â 10 5 cells/mL on an eightchambered slide overnight in complete RPMI 1640. FITClabeled cetuximab (5 Ag/mL; Pierce Labeling Kit) was added to slides at either 37jC or 4jC for 1.5 h with a further incubation of 30 min with 50 nmol/L of LysoTracker Red (Invitrogen). After washing with PBS, cells were fixed in 4% paraformaldehyde for 30 min. A coverslip was placed on the slide after a second PBS wash using GelMount (Biomeda Corp.).
Cell-Based EGFR Autophosphorylation Assay A 96-well ELISA plate was coated with 100 AL/well of 1 Ag/mL anti-EGFR antibodies, and incubated overnight at 4jC. The anti-EGFR antibodies were prepared in a buffer made with 0.2 mol/L of Na 2 CO 3 and 0.2 mol/L of NaHCO 3 adjusted to pH 9.6. Prior to adding cell lysates to the wells, the plates were washed thrice with PBS + 0.1% Tween 20 and blocked by 3% bovine serum albumin in PBS (200 AL for 1 h incubation). After removing the blocking solution, 80 AL of cell lysates were transferred to the wells and incubated for 1 h at 4jC. After incubation, the plate was washed thrice with PBS + 0.1% Tween 20. To detect autophosphorylated EGFR, 100 AL of antiphosphotyrosine antibodies (RC20:HRP; Transduction Laboratories) was added per well (final concentration, 0.5 Ag/mL in PBS) and incubated for 1 h. The plate was then washed six times with PBS + 0.1% Tween 20. The enzymatic activity of HRP was detected by adding 50 AL/well of equal amounts of the Kirkegaard & Perry Laboratories substrates A and B. The reaction was stopped by adding 0.1 N of sulfuric acid (50 AL/well) and absorbance was detected at 450 nm.
Cell Proliferation
Growth of the NSCLC cell lines was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (Promega). Aliquots of 100 AL of cells were plated at 1 Â 10 5 cells/mL in a 96-well plate overnight in complete RPMI 1640. After 24 h, media was replaced with RPMI 1640 supplemented with 1% fetal bovine serum and increasing concentrations of cetuximab. The cells were incubated for an additional 4 days, followed by the addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reagent, and plates were read at 490 nm.
Mouse Xenograft Seven-to 8-week-old female athymic (nu/nu) mice were purchased from Charles River Laboratories. Mice were housed under pathogen-free conditions in microisolator cages with laboratory food and water available ad libitum. All experiments and procedures were done in accordance with U.S. Department of Agriculture, Department of Health and Human Services, and NIH policies regarding the humane care and use of laboratory animals. NSCLC xenografts were established by s.c. injecting between 5 Â 10 6 and 1 Â 10 7 cells/mouse (depending on the cell line) mixed 1:1 in Matrigel (Collaborative Research Biochemicals) into the left flank of athymic mice. Tumors were allowed to reach 200 to 250 mm 3 in size for efficacy studies or 350 to 450 mm 3 for mechanism of action studies before randomization into groups of 10 mice/treatment. Cetuximab was administered i.p. at 4 and 40 mg/kg. Caliper measurements were used to calculate tumor volumes using the formula V = p / 6 (length Â width Â width). For mechanism of action studies, mice were treated for 6 days followed by harvesting of the tumors. Tumor volumes were analyzed using RM ANOVA in the JMP Statistical Discovery package (v.5.1, SAS Institute, Inc.).
Immunoblotting of Tumor Tissue
Tumor samples were removed 6 days after treatment and snap-frozen. Tumor lysates were prepared in lysis buffer (50 mmol/L Tris-HCl, 150 mmol/L NaCl, 1% Triton X-100, 100 mmol/L sodium orthovanadate, 1 mmol/L EDTA, and protease inhibitor tablets; Roche) using a dounce homogenizer. Protein concentrations were determined using bicinchoninic acid protein assay reagent (Pierce). Lysates were run at 50 Ag/lane on 4% to 12% Bis-Tris gels (Invitrogen) and transferred to nitrocellulose membranes. Blots were probed with antibodies to either EGFR or actin.
Results
NSCLC Lines Expressing Wild-type or Mutant EGFR Are Responsive to Cetuximab In vitro
NSCLC patients with mutations in the EGFR gene have a higher response rate to treatment with gefitinib except those expressing the T790M mutation (ref. 14; Supplementary Fig. S1 ). 1 To examine the capability of cetuximab to block the activity of EGFR mutants, the NSCLC cell lines NIH-H1975 (which harbors L858R along with T790M mutations) and NIH-H1650 (which expresses delE746-A750) were compared with the NIH-H292 cell line that expresses wild-type EGFR. Upon EGF stimulation, rapid receptor activation and phosphorylation was detected in both the wild-type (H292) and the deletion EGFR mutant (H1650; Fig. 1A ). In contrast, the double EGFR mutant (L858R/T790M), expressed in H1975 cells, displays a moderate constitutive phosphorylation, which is further enhanced in response to ligand stimulation. When these three cell lines were treated with cetuximab, a decrease in receptor phosphorylation in H292 and H1650 cell lines was observed. H1975 cells also displayed reduced EGFR phosphorylation; however, cetuximab had no effect on the constitutive, ligand-independent component of receptor phosphorylation ( Fig. 1A ; Supplementary Fig. S2 ). 1 Although the EGFR deletion mutant exhibited similar IC 50 values as that of the wild-type receptor, a slightly higher value was detected in H1975 cells, expressing the double EGFR point mutations ( Fig. 1A ; Table 1 ). The activation of downstream effector molecules of EGFR was also investigated to determine the inhibitory effect of cetuximab on these pathways. The presence of the active form of both Akt and MAPK declined in response to cetuximab treatment among all three tested NSCLC lines, as indicated by a Western blot probed with phosphospecific antibodies (Fig. 1B) . However, phosphorylated MAPK levels did not decline in H292 cells treated with 10 ng/mL of EGF and cetuximab, as observed in the other two cell lines (data not shown). Partial inhibition of MAPK phosphorylation was detected in H292 cells only when cells were stimulated with lower concentrations of EGF (1 ng/mL). As EGFR expression levels are elevated in H292 cells compared with It is well documented that inhibition of wild-type EGFR activity by cetuximab leads to the inhibition of cell proliferation (16, 17) . To assess whether the same phenomenon occurs in cells harboring EGFR mutations, the effect of cetuximab on cellular proliferation was determined. The proliferation of H292 cells, expressing wild-type EGFR, was inhibited by cetuximab with an IC 50 value of 0.25 nmol/L ( Table 1 ). The H1650 cell line with the deletion mutation showed a 27-fold higher IC 50 value (6.7 nmol/L), even though receptor phosphorylation kinetics were comparable between these two cell lines. Lacking a correlation between inhibition of phosphorylation and proliferation in H1650 cells, suggests that proliferation of this cell line is most likely mediated by several different pathways, some of which are EGF-independent. On the other hand, H1975 cells, with the double point mutation, was more sensitive to cetuximab inhibition in the proliferation assay (IC 50 = 1.9 nmol/L) compared with H1650 cells, despite its basal ligand -independent receptor phosphorylation. Nevertheless, H1975 cells displayed a slightly higher IC 50 value for blocking of proliferation as compared with the wild-type cells. These findings are consistent with the fact that cetuximab fails to affect the ligand-independent input of EGFR in these cells.
Cetuximab Induces Degradation of EGFR Mutants in NSCLC
Cetuximab blocks ligand-receptor interactions to further inhibit ligand-induced EGFR dimerization, phosphorylation, and activation (18) . In addition to this mechanism of action, it has been shown that cetuximab could also induce the internalization and degradation of EGFR (19) . To determine whether a mutation in the EGFR gene would affect cetuximab-induced receptor internalization, and consequently, degradation, we analyzed EGFR localization using immunofluorescence microscopy. We restricted internalization by subjecting cells to 4jC and adding FITC-labeled cetuximab to visualize EGFR. In all three cell lines, cetuximab labeling was largely localized to the plasma membrane ( Fig. 2A) . When cells were incubated at 37jC to allow receptor internalization, a significant shift from the plasma membrane to lysosomes occurred in H1650 and H1975 cells as evidenced by the colocalization of EGFR with a lysosomespecific dye. In contrast, wild-type EGFR still retained most of the surface staining of the membrane, even after 2 h of incubation with cetuximab as evidenced in H292 cells ( Fig. 2A) . In order to explore the correlation between receptor internalization and degradation, receptor expression levels were determined in the different NSCLC cells following cetuximab treatment. Only a limited amount of degradation of wild-type receptor was observed in H292 cells, even 72 h post-cetuximab treatment (Fig. 2B and C) . However, profound cetuximab-induced degradation of the mutated receptors was detected in both H1975 and H1650 cell lines as early as 24 h posttreatment. Among all three lines, EGF stimulation led to a rapid receptor degradation, indicating that the ubiquitin-mediated degradation machinery was intact and active ( Fig. 2B and D) .
Cetuximab Modulates EGFR Phosphorylation Sites A major disadvantage of using patient-derived cell lines is the diverse genetic background of each tumor that might influence the sensitivity to cetuximab. To examine the capability of cetuximab to inhibit these mutated receptors within the context of an identical cellular background, L858R, delL747-P753insS, T790M, and wildtype EGFR genes were transiently expressed in HEK-293 cells that endogenously express negligible levels of EGFR (11) .
As previously observed among the naturally occurring NSCLC lines, all receptor forms responded to ligand stimulation with increased phosphorylation in the HEK-293 cells. This phosphorylation was abrogated by the addition of cetuximab (Fig. 3A) . Some constitutive activation of the L858R form was detected, whereas the T790M receptor had no basal phosphorylation levels. This finding suggests that the ligand-independent EGFR phosphorylation in the NSCLC line H1975, expressing the double EGFR mutant (L858R and T790M) was probably attributable to the L858R and not the T790M mutation. Determinations of IC 50 values for cetuximab inhibition of receptor autophosphorylation provided similar values to those obtained for the NSCLC lines (Fig. 3B) . With the exception of the L858R point mutation, all values ranged between 0.33 and 0.62 nmol/L, whereas the partially activated L858R mutant had a slightly higher IC 50 value of 3 nmol/L. These results reinforce those observed in the NSCLC lines, that cetuximab inhibits ligand-induced phosphorylation of the various EGFR mutants.
EGFR activation was further analyzed by measuring the specific autophosphorylation levels of six different tyrosine residues (Y845, Y992, Y1045, Y1068, Y1086, and Y1173). As shown in Fig. 3C , phosphorylation of all tyrosine residues on the wild-type receptor is EGF-dependent. In contrast, analysis of L858R and delL747-T753insS mutants revealed somewhat unusual activation states. Although some sites on the L858R mutant clearly showed EGF-dependent phosphorylation (Y992, Y1045, Y1086, and Y1173), two tyrosine residues (Y845 and Y1068) were shown to be constitutively phosphorylated. These two sites are considered crucial for receptor activity (Y845) and activation of the Ras/MAPK cascade (Y1068; refs. 1, 2). Constitutive activation of these residues allows this mutant to activate downstream signal transduction pathways in a ligand-independent manner. The altered phosphorylation pattern, therefore, explains the partial inhibitory effect that cetuximab has on the L858R mutant. Autophosphorylation analysis of the delL747-T753insS mutant revealed an impaired autophosphorylation pattern. Four of the tested phosphorylation sites were phosphorylated in an EGF-dependent manner. However, no phosphorylation of residues Y992 and Y1045 was detected, which are the docking sites for PLCg and c-Cbl, respectively (20, 21) .
The fact that residue Y1045 failed to undergo phosphorylation suggests that c-Cbl could not be recruited to the activated delL747-T753insS receptor. To further confirm the existence of an EGFR/c-Cb1 complex, protein extracts were subjected to immunoprecipitation with EGFR antibody, and the resulting Western blot was probed to detect the presence of c-Cbl. As shown in Fig. 3D , complex formation was detected between c-Cbl and the wild-type receptor or the point mutation receptors, but not with the deletion mutant. As expected, a preexisting complex between the constitutively active EGFR mutant, L858R, and c-Cbl was detected, supporting the notion that autophosphorylation of residue Y1045 is indeed crucial for c-Cbl recruitment (Fig. 3D) .
NSCLC Xenografts Respond to Cetuximab Treatment Next, the effect of cetuximab on EGFR mutants was tested in vivo. Towards that end, the different NSCLC lines were grafted into athymic mice. Tumors were propagated in mice until they reached 200 mm 3 . Cetuximab was administered at either 4 or 40 mg/kg twice a week and human IgG was used as a control. H292-derived xenografts, expressing the wild-type EGFR were significantly inhibited at both dosages of cetuximab compared with the control group (Fig. 4A) . At 30 days posttreatment, when control animals were sacrificed due to ulceration of the tumors, the size of the tumors in cetuximab-treated animals (180 mm 3 ) had regressed from their original 200 mm 3 size, and were significantly smaller than the control group (900 mm 3 ). A similar response was observed in the H1975-derived xenograft, where cetuximab-treated animals had a significant decrease in tumor volume over the control group at 16 days posttreatment when controls were sacrificed (400 versus 1,100 mm 3 , respectively; Fig. 4B ). However, this model failed to show continued tumor regression observed in the H292-derived xenografts, suggesting that H1975 cells became refractory to cetuximab treatment earlier than H292. This may be due to the highly aggressive nature of the H1975-derived xenograft as compared with that of the H292-derived xenograft. The deletion mutant NSCLC H1650 also showed a response to cetuximab treatment when implanted into mice, albeit not to the same extent as with the other two NSCLC xenografts (Fig. 4C) . These results correlate well with the in vitro cellbased proliferation data ( Table 1 ), indicating that growth of H1650 cells is most likely mediated by EGF-independent pathways. EGFR Characterization upon Cetuximab Treatment As activation of EGFR could also be mediated via heterodimerization with other ErbB family members, we verified the expression levels of other ErbB receptors among the tested NSCLC. ErbB2 was found to be equally expressed in all cell lines, suggesting that its expression does not contribute to the differences observed between the NSCLC-derived xenograft studies (Fig. 5A) . The expression of ErbB3, in contrast, was higher in H1975 cells than in the other two cell lines. However, the xenograft profile of H1975 and H292 was fairly similar, indicating that the differences in ErbB3 expression did not influence EGFR signaling in these cells (Fig. 4) . These data agree with those seen in squamous cell carcinomas of the head and neck, in . Mice were divided into three treatment groups (10 mice per group) receiving either 4 mg/kg (o), 40 mg/kg (!) of cetuximab, or 40 mg/kg (.) of human IgG twice weekly. Animals were dosed, and tumor measurements were determined twice weekly. The human IgG group was terminated upon ulceration of the tumors and the animals receiving cetuximab were sacrificed shortly thereafter. RM ANOVA analysis of both cetuximab treatments in H292 and H1975 gave a P < 0.0001 compared with the human IgG control. Analysis of H1650 showed significance (P = 0.005) when treated with 40 mg/kg cetuximab but not at 4 mg/kg (P = 0.09).
which no correlation was observed between response to cetuximab and expression of ErbB family members (22) .
In light of the in vivo efficacy data and the in vitro degradation finding, the capability of cetuximab to induce receptor degradation in NSCLC xenografted tumors was determined. NSCLC-derived tumors were excised 6 days after the onset of cetuximab treatment. Cellular proteins were extracted, subjected to SDS-PAGE and Western immunoblot to detect EGFR expression ( Fig. 5B and C) . H292-derived tumors treated with cetuximab displayed a minor decrease in wild-type EGFR levels when compared with controls. When cetuximab-treated H1974-derived tumors, expressing the L858R and T790M point mutations, were tested for the expression of EGFR, a more significant decrease in EGFR levels was detected when compared with that of the control group. The difference was even more profound in the H1650-derived xenograft. These results indicate that EGFR degradation could be detected not only in vitro but also takes place in mouse xenograft models, supporting the notion that the mutant EGFR forms were more susceptible to cetuximab-induced degradation than the wild-type receptors.
Discussion
In this study, we analyzed the effects of cetuximab on several EGFR mutants. We showed that the antibody inhibits the phosphorylation and activation of wild-type EGFR as well as that of several receptor mutants in NSCLC lines. In addition, the data clearly indicate that cetuximab is capable of inducing a more pronounced internalization and degradation of EGFR mutants than that of wild-type EGFR. Consequently, this rather unique EGFR down-regulation in response to cetuximab treatment leads to the inhibition of tumor growth when NSCLC lines are grafted in animals.
Analysis of the L858R EGFR point mutation revealed two tyrosine residues which were predominantly phosphorylated in an EGF-independent manner (Y845 and Y1068), whereas the others were phosphorylated in an EGFdependent manner. Surprisingly, however, even though the L858R EGFR mutant possesses some constitutive activation that could not be inhibited by cetuximab, growth inhibition of the NSCLC line, H1975, harboring this mutation, was detected both in vitro and in vivo. Increased receptor degradation and possibly antibody-dependent cell-mediated cytotoxicity could account for this increase in in vivo activity (19, 23) . The gefitinib-and erlotinibresistant mutation, T790M (14, 24) , was found to be sensitive to cetuximab inhibition. Apparently, the threonine residue at position T790, located in the ATP-binding pocket of the kinase domain, is required to form a critical hydrogen bond with gefitinib (25) , making this mutant specifically resistant to quinazoline inhibitors. By binding to the extracellular domain of EGFR, cetuximab could inhibit the activity of the T790M mutant with comparable efficiency to that of the wild-type receptor. Therefore, patients expressing the T790M point mutation, which are refractory to gefitinib or erlotinib, may benefit from cetuximab therapy.
Cetuximab was also shown to inhibit the autophosphorylation and activation of the EGFR deletion mutant delL747-T753insS, even though ligand-dependent phosphorylation of two tyrosine residues (Y992 and Y1045) could not be detected in this mutant. It has been postulated that this deletion mutant could induce a dramatic conformational change, affecting the ATP binding cleft (7), thereby limiting the access of activated kinase to tyrosine residues Y992 and Y1045. However, the limited phosphorylation of the receptor does not hinder inhibition by cetuximab. The findings described herein contradict two Tumor lysates were probed with either anti-EGFR or antiactin antibodies. C, quantification of (B) by densitometry: columns, means; bars, SE (n = 3).
Student's t test was used for statistical comparison where EGFR levels of saline controls are arbitrarily set at 100% (*, P < 0.01; **, P < 0.001).
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Mol Cancer Ther 2007;6 (10 (26, 27) in which phosphorylation of several EGFR deletion mutants was not inhibited by cetuximab, even though inhibition of proliferation was detected. The discrepancy in the results could be attributed to the cellular context of the different NSCLC lines, where each cell line may harbor additional mutations that could affect the overall outcome. Mukohara et al. (27) went further and stably transfected NIH3T3 cells with both the L858R and the deletion EGFR mutants, and found that the mutants were refractory to cetuximab treatment. However, these NIH3T3-transfected lines express a very high level of endogenous EGFR that results in constitutive autophosphorylation of the receptors. Because cetuximab is incapable of affecting ligand-independent phosphorylation, the antibody would be ineffectual in this system.
Our data indicate that EGFR mutants are internalized and degraded in response to cetuximab treatment, whereas wild-type receptors seem to be more resistant to this downregulation, similar to what has been previously reported (19) . This cetuximab-induced degradation of mutated EGFR is not contingent on EGFR expression levels because the highest EGFR levels are detected in the H292 cells, expressing wild-type receptor. More likely, the mutated EGFR is unstable, making it more prone to degradation, as suggested by others (28, 29) . Apparently, the observed cetuximab-induced degradation of the tested EGFR mutants is mediated by a mechanism other than that of EGF-induced degradation. Several pieces of data support this idea. First, degradation of the mutated receptors in response to cetuximab treatment occurred over a 24-h time period, whereas EGF-induced degradation was substantially shorter. Second, both the phosphorylation of tyrosine Y1045 and formation of the c-Cbl/EGFR complex could not be detected in the delL747-T753insS mutant. Third, EGFR containing a Y1045 mutation, which does not allow c-Cbl binding, is still down-regulated in the presence of an EGFR monoclonal antibody (30) .
Inhibition of tumor growth was observed in all three NSCLC lines when tested in tumor xenograft models. In view of the in vitro proliferation data, the anticipated response of the H1650 model to cetuximab was somewhat inadequate. Even though this line expresses higher levels of EGFR than the responsive H1975 line, the differences in the genetic background of this particular cell line may render it less ''addictive'' to EGF stimulation. Indeed, the high levels of constitutive, ligand-independent phosphorylated MAPK and Akt observed in the H1650 line support this hypothesis. An alternative, EGF-independent pathway possibly activates these two signaling pathways, bypassing the dependency on EGF stimulation for cell growth. Moreover, it has been shown that cetuximab can inhibit the growth of the NSCLC HCC-827 cell line that expresses the same deletion mutation as H1650 (31) . Taken together, our results indicate that cetuximab inhibits EGFR mutants in NSCLC by more than one mechanism: (a) blocking ligand-receptor interactions that lead to the inhibition of receptor autophosphorylation and activation, and (b) inducing the degradation of EGFR mutants. Therefore, the existence of mutant receptors should not limit a patient's response to cetuximab. On the contrary, those patients may benefit from therapy because EGFR degradation will enhance the inhibitory effects of cetuximab on the receptor.
